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In this article, we verify that the traditional Kretschmann–Raether configuration of surface plasmon
resonance SPR could be used to measure the air gap width between a gold-plated prism and
another gold-plated glass slide. Due to the presence of double-deck metal layers, the Fabry–Perot
resonance and surface plasmon tunnel-coupled effects could occur, which would cause the SPR
angle to begin to shift at a larger air gap width of about 700 nm as compared to the case of single
metal layer with an air gap width of about 350 nm. The simulated results reveal that the SPR angle
begins monotonically to shift initially from 44.5° to 46° when the air gap width between
double-deck metal layers decreases from 700 to 500 nm. The smallest air gap width is measured to
be 539 nm, in which the SPR angle is 45.5°, by fitting the simulated curves to the experimental
results. © 2010 American Institute of Physics. doi:10.1063/1.3354011
I. INTRODUCTION
Surface plasmon resonance SPR is a collective oscil-
lating behavior of electrons on metal surface, which excites
only with the transverse-magnetic TM mode of electromag-
netic field, and generally utilizes a laser beam as the exciting
source. When the TM-mode laser enters into the metal film
by a coupling prism, the surface plasmon SP wave could be
provoked, and the electric field would penetrate into the ad-
jacent medium and decay exponentially along a perpendicu-
lar direction to the metal surface, which is also known as the
evanescent wave. If the horizontal component of laser beam
wave vector is equal to the SP wave SPW vector, the laser
beam would transfer its energy to the metal interface, which
would make the reflective intensity of laser beam decrease
dramatically to almost none, which is well known and veri-
fied as the SPR effect.1,2
Because the SPR effect is extremely sensitive to the
variation in metal interface status, which has been exten-
sively used in many kinds of research, including thermal
sensor,
3
molecule reaction sensor,4 optoelectronic
modulator,5 optical parameter seizining,6 and gap width
measuring7 etc. Among them, gap width measuring tech-
nique was proposed by us and its main contention was that
the SPR angle would move the shift to a larger incident angle
position while the air gap width between a metal-plated
prism and another glass slide decreases to the subwavelength
region.7 We can measure the angle shift to achieve the air
gap width by curve-fitting method with Fresnel’s equation in
the four-layer Krestschmann–Raether KR configuration.
In this article, we shall report an advanced application
for the SPR gap width measuring technique used in a parallel
metal layer structure, and verify that this method will be true
and useful. We develop a five-layer configuration including
the double-deck metal layers, i.e., prism/metal-1/air gap/
metal-2/glass slide, for the air gap width measurement. First,
we simulate the various conditions in relation to metal layer
and air layer to calculate the overall reflectivity with the
Fresnel’s equations, then measure the real reflective intensity
in various conditions, and finally compare the experimental
and simulated results to verify the feasibility that the five-
layer configuration could be used to measure the air gap
width based on the SPR effect. The results indeed indicate
that the SPR effect would occur as the prediction of Fresnel’s
equations for the five-layer structure in a specific condition.
It is similar to the SPR effect in the four-layer KR
configuration.7 When the air gap width between double-deck
metal layers decreases to the range of incident wavelength,
the total-internal-reflection TIR peak of the overall reflec-
tivity would become weak and gradually disappear, and then
the SPR angle shifts to a larger incident angle position and at
the same time the overall reflectivity rises from the bottom.
Because the overall reflectivity changes with the incident
angle and air gap width, we can estimate the air gap width by
fitting the simulated curves to the experimental data. How-
ever, because the Fabry–Perot FP resonance and the SPW
tunnel-coupled effects could occur in metal-dielectric-metal
structure,8 it would probably affect the beginning condition
of the SPR angle shift effect in this five-layer structure,
which is unlike the four-layer KR configuration with only
one metal layer. In this article, we investigate the influence
of FP resonance and SPW tunnel-coupled effects on the
double-deck metal layers, and conclude that the SPR gap
measuring method is still suitable for the metal-dielectric-
metal structure.
II. METHOD
We propose a five-layer configuration with double-deck
metal layers to measure the air gap width. Figure 1 shows the
architecture of a five-layer KR configuration, where d1, d2,
and d3 represent, respectively, the thickness of metal 1, theaElectronic mail: mcwu@ee.nthu.edu.tw.
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adjustable air gap width, and the thickness of metal 2. The
gold-plated glass slide could be moved toward the gold-
plated prism to decrease the air gap width. It looks like the
integration of an upper KR and a lower Otto configuration.1,2
If the TM-mode laser light is incident into this five-layer
configuration, the reflective intensity of laser to the photode-
tector would be probably different to various incident angles
and air gap widths, as the experimental reflective behavior of
the four-layer KR configuration.7 To ascertain how the inci-
dent angle and the air gap width factors affect the variation
in reflectivity in the five-layer configuration, a simulated pro-
gram with multilayer Fresnel’s equations for the analyses is
followed as Eqs. 1–6:
R = r012342 =  r01 + r1234 expj2kz1d11 + r01r1234 expj2kz1d1
2
, 1
r1234 =
r12 + r234 expj2kz2d2
1 + r12r234 expj2kz2d2
, 2
r234 =
r23 + r34 expj2kz3d3
1 + r23r34 expj2kz3d3
, 3
rnm =
mkzn − nkzm
mkzn + nkzm
, 4
kzm = kx2 − mk2, 5
and kx = k sin  . 6
where R means the overall reflectivity of the five-layer struc-
ture prism/metal-1/air gap/metal-2/glass slide, footnotes
represent 0 for prism, 1 for metal-1 film, 2 for air medium, 3
for metal-2 film, and 4 for glass slide,  is the incident angle,
k is the wave vector of incident light in vacuum, kx for hori-
zontal component of k which is invariable in each layer, kzm
for the vertical component of k in the mth layer film, and rnm
is the reflectivity coefficient of the interface between the nth
and mth layer films, m is the material permittivity of the mth
layer film, dm is the mth layer thickness, and r01234 denotes
the overall reflectivity coefficient of multilayer prism/metal-
1/air gap/metal-2/glass slide, r1234 denotes the overall reflec-
tivity coefficient of multilayer metal-1/air gap/metal-2/glass
slide, and r234 denotes the overall reflectivity coefficient of
multilayer air gap/metal-2/glass slide.
An inspection of Eqs. 1–6 reveals that the overall
reflectivity R is only affected by the wave vector k, the inci-
dent angle , and the mth layer thickness dm, by devising the
m as constant. Besides, because both the wave vector k and
incident angle  could be controlled by the experimental
scheme, we can achieve the overall reflectivity R by setting
the constant parameters of d1, d2, and d3. In other words, we
could reversely evaluate the air gap width d2 by measuring
the overall reflectivity R, if we arrange beforehand the other
parameters in a well-controlled experimental scheme. In fact,
the parameters d1, d2, and d3 play critical roles, and they
straightforwardly affect the reflectivity coefficients r234,
r1234, and thus the overall reflectivity R in Eq. 1. Therefore,
we divide four radical models of the parameters d1, d2, and
d3 to discuss how they affect the overall reflectivity R in the
five-layer system.
III. MODELS
To simplify the simulated models, we set the simulation
parameters of the TM-mode He-Ne laser with a wavelength
of 632.8 nm, the BK7 prism and the glass slide both layers
with a refractive index of 1.515, the double-deck metal gold
film layers with a thickness of 40 nm and a permittivity of
−9.5088+1.2184i,9 and the air gap layer with a refractive
index of 1.001, in addition to some particular conditions.
The four radical models for the parameters d1, d2, and d3
are listed as below.
A. d1=0
This situation makes the five-layer structure change to
four-layer Otto configuration prism/air gap/metal/glass
slide. This case could help us to comprehend that how the
air gap width affects the SPR effect in the Otto configuration,
and how the gold film thickness needs to induce the SPR
effect in the Otto configuration. The solution can be discov-
ered in Figs. 2 and 3. In Fig. 2, we recognize that the SPR
effect in the traditional Otto configuration could occur only
FIG. 1. Color online The architecture of a five-layer KR configuration.
The gold-plated glass slide could be moved toward another gold-plated
prism to decrease the air gap width.
FIG. 2. Color online The overall three-dimensional 3D simulated reflec-
tivity as functions of incident angle and air gap width for the traditional
three-layer Otto configuration. The SPR could occur only at the air gap
width of about 500 nm. Lower plot is the top view of the upper.
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in a specific air gap width of about 500 nm, which was
difficult to keep well-controlled in the early era. That should
be the reason why the SPR researchers usually adopted the
KR configuration rather than the Otto configuration. On the
other hand, Fig. 3 demonstrates that the SPR effect in Otto
configuration could happen only if the gold film has an
enough thickness, i.e., 40 nm, with the air gap width fixed at
500 nm. The simulated results show that it does not need a
metal bulk to bring the SPR effect in Otto configuration, and
it needs only a critical thickness of the metal film, for ex-
ample, the gold film with 40 nm thick. In Fig. 3, we could
see while the gold film is thinner than 20 nm, the main inci-
dent laser light would straightforwardly pass through the
metal film in the small-incident-angle region, which would
result in a lower reflectivity. When the gold film is thicker
than 40 nm, it would reflect all the light in random angles,
excluding that the SPR effect occurs at the incident angle of
44°.
B. d2=0
Because d2=0, the five-layer configuration becomes to
three-layer structure prism/metal/glass slide. Whether it
could produce the SPR effect depends on the refractive indi-
ces of the prism and glass slide. Figure 4 shows the simu-
lated results for the three-layer configuration, in which the
gold film is 40 nm thick. We first assume that the glass slide
has various refractive indices ranging from 1.0 to 1.8, the
refractive index of the prism is 1.515, and then take them as
the simulation parameters to Fresnel’s equation of three-layer
configuration. The simulated results show that the SP reso-
nance angle position moves from 45° to 90°, accompanying
the fictitious refractive index of glass slide ranging from 1.0
to 1.4. Another phenomenon shown in Fig. 4 is that the TIR
peak would disappear if the fictitious refractive index of
glass slide exceeds 1.5 it should be 1.515, which obeys the
reflective law at the interface of two media.
C. d3=0
This condition changes the five-layer configuration to
four-layer KR configuration prism/metal/air gap/glass slide
as the same structure in our previous report.7 Fig. 5 shows
the simulated overall reflectivity as functions of incident
angle and air gap width for the four-layer KR configuration.
An inspection of Fig. 5 reveals that the SPR effect is affected
by the decrease in air gap width between the gold-plated
prism and the glass slide. It can be observed that the TIR
peak disappears while the air gap width decreases to smaller
than 600 nm. Furthermore, if the air gap width reduces to
less than 350 nm, the SPR angle would begin with a shift in
a larger incident angle, at the same time the reflectivity at the
resonance angle would rise from the minimum bottom. The
disappearance of TIR peak, shift in SPR angle, and rise of
FIG. 3. Color online The overall 3D simulated reflectivity as functions of
incident angle and the thickness of gold film for the traditional three-layer
Otto configuration. The SPR should occur if the gold film thickness is more
than 40 nm in a constant air gap width of 500 nm. Lower plot is the top
view of the upper.
FIG. 4. Color online The overall 3D simulated reflectivity as functions of
incident angle and the refractive index of glass slide for the assumed three-
layer configuration prism/Au film/glass slide. The SPR could occur only if
the refractive index of glass slide is less than 1.4. Lower plot is the top view
of the upper.
FIG. 5. Color online The overall 3D simulated reflectivity as functions of
incident angle and air gap width for the four-layer KR configuration. The
angle of resonance would monotonically shift to a larger position of incident
angle if the air gap width reduces to smaller than 350 nm. Lower plot is the
top view of the upper.
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reflectivity from the minimum bottom at the resonance angle
are the most significant characteristics to ensure that the air
gap width has been reduced to the subwavelength scope.
Meanwhile, these characteristics deform the reflectivity
curve, which is the most important feature, we can evaluate
the air gap width by the curve-fitting method.
D. d1Å0, d2Å0, and d3Å0
This case is the theme in this report to measure the air
gap width between double-deck metal layers based on SPR.
Figure 6 shows the simulation results of the five-layer con-
figuration. When the air gap width decreases to approach the
scope of incident wavelength, the SP resonance angle begins
to shift to a larger incident angle position, and the reflectivity
at resonance also rises simultaneously from the minimum
bottom. Such features support the points to evaluate the air
gap width by curve-fitting, just alike the previous case.7
However, it still has some differences between them, as
shown in Figs. 5 and 6. In Fig. 6, the SP resonance angle
begins to shift with a larger air gap width at about 700 nm,
rather than the case of Fig. 5 beginning at about 350 nm.
Moreover, there are some resonance peaks and valley ap-
peared in the incident angles of 20°–40°, which is clearly
shown in Fig. 6, and is obscures in Fig. 5. For all the varia-
tions shown in Figs. 5 and 6, it is attributed to the FP reso-
nance effect8,10–12 and the SPW tunnel-coupled effect.8 It
could be enhanced by the metal-dielectric-metal metal/air
gap/metal structure in the five-layer configuration.
It is not surprising that the FP resonance effect appears
in the simulated results of the five-layer configuration. Be-
cause the gold film thickness used in Fig. 6 is 40 nm, so that
the film could be partly transmitted by light in a lower inci-
dent angle, as shown in Fig. 3, and thus forms the resonance
cavity between the double-deck metal layers. In theorem, if
the optical round trip in the cavity equals 2m m is integer,
the reflectivity would approach zero. That is the reason why
the reflectivity valley appears in the incident angle range
from 20° to 40° shown in Fig. 6. Usually, the peak to peak
or valley to valley cycle number of the FP resonance effect
in the cavity could provide the calculation of the cavity
length.11 Here, we can simply reckon the air gap width di-
rectly by observing the FP resonance angle position by mea-
suring the reflectivity curve. Furthermore, we can exactly
calculate the air gap width by fitting the Fresnel’s equation to
the measured reflectivity data with the incident angles.
In addition to the FP resonance effect, the SPW tunnel-
coupled effect8 also occurs in this five-layer configuration. It
is the main mechanism for the SP resonance angle beginning
to shift to the position at about 700 nm, as shown in Fig. 6,
which is larger than the air gap width to behave as the reso-
nance angle shift in about 350 nm, as shown in Fig. 5. The
tunnel-coupled effect should exist in which the air gap width
is less than the doubled skin depth13 or penetration depth8
of the SPW.
The skin depth of the SPW, , means the penetrated elec-
tric field intensity of the SPW, where decreases to 1 /e of the
initial intensity at the metal/dielectric medium interface, and
can be expressed as Eq. 7
 =  
2
m + d
d
2  , 7
where the parameter  is the wavelength of incident light,
and both m and d mean, respectively, the real part of the
permittivity of the metal and the dielectric media.
For the traditional three-layer KR configuration, the cal-
culated skin depth is about 293 nm in this model, where the
values of , m , and d are, respectively, 632.8 nm, 9.5088,
and 1.002. As in our assumption, if the air gap width be-
tween the double-deck metal layers is less than the skin
depth of about 586 nm, the SPW tunnel-coupled effect
should occur. It provides the explanation why the SPR angle
begins to shift with a larger air gap width shown in Fig. 6 as
compared to the SPR angle shift in Fig. 5.
After a series of simulations and experiments of the SPR
air gap measurement method, it is believed that the effect of
SP angle shift is caused by the interaction of the electric field
tail of evanescent wave in the air and an intruding material
such as a glass slide. This effect would affect the boundary
condition of metal/air interface and change the resonance
angle position. The effective refractive index of air should
gradually increase with the intruding material depth. For ex-
ample, in a four-layer KR configuration, the SP resonance
angle begins to shift at the air gap width of about 350 nm as
shown in Fig. 5. It means that when the glass slide moves
nearly into the skin depth e.g., 293 nm range, the original
SPR equilibrium would change. Similarly, in the five-layer
configuration with double-deck metal layers, the intruding
metal-plated glass slide would provide the SP tunnel-coupled
effect which initially causes the interaction between the
original and the induced SP evanescent fields at the doubled
skin depth distance e.g., 586 nm. Thus, it would change the
equilibrium state and cause the SP resonance angle to shift to
the position at about 700 nm, as shown in Fig. 6.
FIG. 6. Color online The overall 3D simulated reflectivity as functions of
incident angle and air gap width for the five-layer configuration prism/Au
film/air gap/Au film/glass slide. There are some FP resonance valleys ap-
peared in the section of small incident angles. The SP resonance angle
would monotonically shift to a larger incident angle position if the air gap
width reduces to smaller than 700 nm. Lower plot is the top view of the
upper.
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IV. EXPERIMENTAL
The experimental apparatus and measurement setup are
the same as our previous report in Ref. 7. A TM-mode
helium-neon laser with 632.8 nm is used as the incident
light, which would pass through and deflect from the base of
an equivalently optical gold-plated prism clamped onto the
coaxial rotary platforms. The plated prism and a gold-plated
glass slide are face-to-face to form the five-layer configura-
tion prism/metal-1/air gap/metal-2/glass slide, as shown in
Fig. 1. The gold-plated glass slide was taped on a linear
translation stage M-426 Newport which has been fixed on
the same rotary platform and jointed a differential microme-
ter precision actuator DM-13 Newport with a sensitivity of
70 nm. The glass slide was made of a BK7 glass slide with
an area of 1818 mm2 and a thickness of 200 m. It was
plated with a 40 nm thick gold film at a coating rate of 0.1
nm/s.
V. RESULTS AND DISCUSION
We measured repeatedly the reflectivity of five-layer
configuration in the angle ranges of 35°–55°, and changed
the air gap width between the plated prism and the plated
glass slide before the next one measurement. The measured
data are plotted in Figs. 7 and 8.
Figure 7a shows the measured overall reflectivity R
as a function of incident angle  for the five-layer configu-
ration at a lager air gap width. Those reflectivity curves are
too overlapping to be distinguished clearly. The TIR peak
and the SP resonance are stable to keep at the incident angles
42° and 44°, respectively, which have the same behavior as a
traditional KR configuration. It means the air gap width be-
tween the plated prism and the plated glass slide is wide
enough so that the SPR condition keeps stable. Here, the
reflectivity in the incident angle region of 35°–40° is around
0.72.
Figure 7b shows the second plot of the series of the
overall reflectivity as a function of incident angle for the
five-layer configuration with the air gap width narrowing
procedure. It is clear that the TIR peak and SP resonance
angle are still stable to keep at 42° and 44°, respectively.
However, the reflectivity curves at the incident angle chang-
ing from 35° to 40° have appeared some distinguishable
ripple peaks, and the reflectivity oscillates in 0.70–0.77. The
features mean that the air gap width is still broader, there-
fore, the SPR condition is not affected. However, such an air
gap width has been enough near to produce some optical
interference effects between the two gold film layers, and
thus the ripple peaks appear.
In Fig. 7c, although the incident angle positions of the
FIG. 7. Color online The overall measured reflectivity R of a five-layer configuration prism/Au film/air gap/Au film/glass slide as a function of incident
angle . The plots a, b, c, and d indicate the different steps in the air gap narrowing steps, and the FP resonance effect becomes obvious as the air gap
narrowing. In plot d, the fitted air gap width is 1424 nm for the red with mark  curve and 1267 nm for the blue curve with mark .
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TIR peak and the SP resonance angle are still invariant, the
ripple peaks in the incident angle range of 35°–40° have
become more obvious. The reflectivity ripple peaks fluctuate
from 0.65 to 0.80 and manifest more periodic characteristics,
which provide the evidence that is caused by the FP reso-
nance effect.8,10–12 Comparing Fig. 7c to Fig. 6, the reflec-
tivity minima in the incident angle range of 35°–40° appear
only two blue curve or three red curve times, both the air
gap widths should still exceed 2000 nm. That is the reason
why the SPR condition in this case is still stable.
Figure 7d displays a more fluctuated reflectivity curves
than the above mentioned plots. The overall reflectivity has a
variation between 0.59 and 0.81 for the incident angles range
from 35°–40°. More worthy, the reflectivity minimum ap-
pears only one time either blue or red curve. It reveals that
the air gap width between the double-deck metal layers is
reduced to the scope of 1000–1500 nm, as referred to Fig. 6.
It should also be noticed that the measured reflectivity mini-
mum shifts to a smaller incident angle position while the air
gap width becomes narrower, which verifies the simulation
results in Fig. 6. The air gap width can be calculated by
curve-fitting method as 1424 and 1267 nm from the red
curve with mark  and the blue curve with mark ,
respectively. Certainly, such an air gap width in the SPR
condition should still keep in the original equilibrium state.
Comparing the reflectivity fluctuation region in Figs. 6
and 7, the reflectivity values appeared between 0.59 and 0.81
in Fig. 7 do not agree with the simulated values of 0.1–0.9
shown in Fig. 6. It is attributed to the perfect resonance cav-
ity between parallel metal layers for the simulated FP reso-
nance effect. While the real plated prism and plated glass
slide cannot provide a perfect resonance cavity. In fact, the
factors to cause the optical losses in a real system could
include the system misalignment, surface roughness of parts,
film abrasion or crack, film nonuniformity, optical scattering,
and leakage, etc. These factors always make the measured
reflectivity less than the simulated results. However, the air
gap width can be still evaluated by curve-fitting method with
considerable measured data, which could assist to eliminate
the measurement inaccuracy and system error.
Figure 8 shows the overall reflectivity of the five-layer
configuration affected by the air gap width narrowing, which
has changed the SPR equilibrium state. The six curves in Fig.
8 illustrate the overall reflectivity for various air gap widths.
It is obvious that curve 1 with mark  has one FP reso-
nance valley at the incident angle of 36.5°, which is the next
continued measured result for Fig. 7d. Meanwhile, the SP
resonance angle still keeps at the same position but the FP
resonance angle moves to a smaller incident angle as com-
pared to that of the blue curve shown in Fig. 7d, which is in
agreement with the prediction of Fig. 6. The air gap width
for curve 1 is calculated as 1100 nm by curve-fitting method.
Similar to curve 1, curve 2 with mark  also has a fixed SP
resonance but the FP resonance valley disappears. It means
that the air gap width decreases to less than 1000 nm, the FP
resonance angle would move to less than 35° and thus dis-
appears. The corresponding air gap width in curve 2 is 904
nm. As the air gap width between the double-deck metal
layers decreases, the curve 3 with mark  divulges clear
footprints for the change in the SPR equilibrium state caused
by the air gap narrowing. It can be observed that the TIR
peak area in curve 3 decreases especially at the incident
angle of 42° from 0.83 to 0.75 and the reflectivity at SP
resonance angle also begins to rise. The estimated air gap
width is about 851 nm.
The abrupt change in the reflectivity for curves 4–6
with marks ,, and , respectively, in Fig. 8 demon-
strates that the five-layer configuration with double-deck
metal layers could still exhibit the SPR effect and the de-
creased air gap width also affects the SPR equilibrium state,
as the same to the characteristics in the four-layer KR
configuration.7 An inspection of Fig. 8 reveals that the TIR
peak decreases from 0.82 to 0.48, the reflectivity rises for the
SP resonance angle ranging from 0.13 to 0.32, and the reso-
nance angle shifts from 44.5° to 45.5°, which are similar to
the reflectivity behavior in the four-layer KR configuration.
As other curves, the air gap widths are evaluated as 734, 629,
and 539 nm for curves 4–6, respectively. The permittivity of
gold film is fitted as −10.6093+2.1287i, which is little dif-
ferent to another fitted permittivity of −9.3412+5.0958i in
our previous report. However, the real part of the new fitted
permittivity still locates in the range from 9 to 12.7
Those variations between the fitted permittivities should be
caused by the fluctuations of the nanometer-scale measure-
ment and manufacture.
Figure 9 shows the calculated reflectivity curves of a
five-layer configuration with the simulated parameters,
which are adopted by fitting the measured data. As compared
to the measured reflectivity curves in Fig. 8 and the simula-
tion ones in Fig. 9, it exhibits an obvious similarity, which
verifies the fitting model.
As discussed previously, the SPW tunnel-coupled effect
could affect the air gap width at which the SP resonance
FIG. 8. Color online The overall measured reflectivity of a five-layer
configuration prism/Au film/air gap/Au film/glass slide. Curves 1–6 indi-
cate that the reflectivity is measured in various air gap widths in the gap
narrowing steps, respectively. It is obvious that the TIR peak decreases first,
then the reflectivity at the resonance angle rises, and finally the resonance
angle shifts, as in Ref. 7. The measured reflectivity marked as , , , ,
, and  is corresponding to a fitted air gap width of 1100, 904, 851, 734,
629, and 539 nm, respectively.
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angle would begin to shift. When the air gap width decreases
to the doubled skin depth, the SPW tunnel-coupled effect
could possibly exist. Here, the skin depth is 312 nm calcu-
lated by substituting the fitted parameters to Eq. 7, and the
measured SP resonance angle shift occurred initially at about
the air gap width of 629–734 nm referred to Fig. 8. These
results indeed satisfy the SPW tunnel-coupled effect, which
have been observed in the double-deck metal layers struc-
ture.
In fact, we have indeed measured some reflectivity
curves as a concave shape with the end points at the incident
angles ranging from 37°–53°. The reflectivity has the range
of 0.6–0.75. We have also measured some reflectivity curves
where the reflectivity almost keeps in 0.75–0.78 for the inci-
dent angle range from 38°–52°. However, we cannot esti-
mate the air gap width by the curve-fitting method as a rea-
sonable value. It is attributed to that those reflectivity curves
have lost the characteristic shapes including the TIR peak
and the reflectivity dip at SP resonance angle.
To further investigate the reflectivity at the air gap width
of less than 500 nm, the simulated reflectivity feature is
shown in Fig. 10. The bottom plot of Fig. 10 clearly exhibits
a concave reflectivity shape in the 400–500 nm range and a
stable fixed reflectivity region in the incident angle interval
of 35°–52° while the air gap width is at about 100 nm. It
provides the correspondence to our final measurements. Un-
fortunately, we cannot fit the air gap width without the char-
acteristic feature of reflectivity. On the other hand, this par-
ticular result means the possible limitation of the gap width
measured between two metal planes.
VI. CONCLUSIONS
We have demonstrated that the traditional KR configu-
ration can be applied to measure the air gap width of the air
layer between double-deck metal layers by using the SPR
effect. It has been verified by measuring the trend of reflec-
tivity curves in the decrease in air gap width, and the results
reveal the same characteristics of the disappearance of TIR
peak, the shallower SP resonance valley, and the shift in SP
resonance angle as the four-layer KR configuration has done.
In other words, it is recognized that the traditional KR con-
figuration can be used to measure the absolute distance with
another material surface, either dielectric or metal material.
Besides, we expose the limitation of the SPR effect in
the traditional Otto configuration. In a usual condition, it
only could excite the SPR effect with a narrow air gap width
of 500 nm in the Otto configuration. That should be the
reason why the Otto configuration has not been spread as a
popular research tool. And we also manifest that the metal
layer in the Otto configuration has a critical thickness of
about 40 nm. If the metal film is less than the critical thick-
ness, the SPR effect could not occur.
The double-deck metal layers provide a well optical
resonance cavity, so the FP effect could occur in some spe-
cific condition, i.e., in a specific air gap width. It can be
observed that the FP resonance valley shifts to a small inci-
dent angle position as the air gap width decreases, which is
in agreement with the simulated prediction.
The SP tunnel-coupled effect is also supported by the
two metal layers, which occurs at the air gap width less than
the doubled skin depth. Due to the induced SPW in the op-
posite metal surface, the induced evanescent wave would
interact with the original evanescent wave in the doubled
skin depth distance. Thus, the SP tunnel-coupled effect
causes the initial SPR equilibrium to change in a larger air
gap width, which could limit the smaller gap width measure-
ment.
We also further measured the small air gap width of 539
nm by fitting the Fresnel’s equations to the measured data. If
the air gap width is less than 400 nm, which would fully
cause the disappearance of reflectivity variation feature, we
cannot estimate the air gap width by the fitting method. This
is the limiting factor for the gap width measurement based
on the SPR effect of the KR configuration.
FIG. 9. Color online The overall simulated reflectivity of a five-layer
configuration prism/Au film/air gap/Au film/glass slide. The simulated re-
flectivity curves represent an air gap width of 1100, 904, 851, 734, 629, and
539 nm between the gold-plated prism and the gold-plated glass slide. It
matches well to the measured reflectivity curves shown in Fig. 8.
FIG. 10. Color online The overall simulated reflectivity of a five-layer
configuration prism/Au film/air gap/Au film/glass slide. When the air gap
width is smaller than 400 nm, the reflectivity curve would lose its charac-
teristics and an accurate measurement of air gap width by curve-fitting is
difficult. Lower plot is the top view of the upper.
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